Dialysis dependency is one of the leading causes of morbidity and mortality in the world, and once end-stage renal disease develops, it cannot be reversed by currently available therapy. Although administration of large doses of bone morphogenetic protein-7 (BMP-7) has been shown to repair established renal injury and improve renal function, the pathophysiological role of endogenous BMP-7 and regulatory mechanism of its activities remain elusive. Here we show that the product of uterine sensitization-associated gene-1 (USAG1), a novel BMP antagonist abundantly expressed in the kidney, is the central negative regulator of BMP function in the kidney and that mice lacking USAG-1 (USAG1 -/-mice) are resistant to renal injury. USAG1 -/-mice exhibited prolonged survival and preserved renal function in acute and chronic renal injury models. Renal BMP signaling, assessed by phosphorylation of Smad proteins, was significantly enhanced in USAG1 -/-mice with renal injury, indicating that the preservation of renal function is attributable to enhancement of endogenous BMP signaling. Furthermore, the administration of neutralizing antibody against BMP-7 abolished renoprotection in USAG1 -/-mice, indicating that USAG-1 plays a critical role in the modulation of renoprotective action of BMP and that inhibition of USAG-1 is a promising means of development of novel treatment for renal diseases.
Introduction
Despite a significant increase in understanding of the pathophysiology of renal diseases, the incidence of end-stage renal disease (ESRD) is still increasing. Tubular damage and interstitial fibrosis are the final common pathway leading to ESRD (1, 2) , irrespective of the nature of the initial renal injury, and the degree of tubular damage parallels the impairment of renal function (2) . Once tubular damage is established, it cannot be reversed or repaired by currently available treatment, and renal function deteriorates to renal failure, which is often life threatening (3). If we can come up with an agent that can reverse established tubular damage, it would significantly reduce the need for dialysis. Bone morphogenetic protein-7 (BMP-7) is a promising candidate for such an agent, because it is reported to protect the kidney from renal injury (4) (5) (6) (7) (8) . BMP-7 is known to play essential roles in kidney development, because BMP-7-null mice die shortly after birth due to severe renal hypoplasia (9, 10) . BMP-7 is also abundant in the adult kidney, especially in distal tubule epithelial cells (11, 12) . Recently, several reports indicated that the expression of BMP-7 is decreased in renal disease models (5, 6, (13) (14) (15) (16) and that administration of recombinant BMP-7 at pharmacological doses repairs chronic renal injury (4) (5) (6) (7) (8) . However, the pathophysiological role and regulatory mechanism of endogenous BMP-7 remain elusive.
The local activity of endogenous BMP is controlled not only by regulation of its expression, but also by certain classes of molecules termed BMP antagonists (17) . BMP antagonists function through direct association with BMP, thus inhibiting the binding of BMP to its receptors. Uterine sensitization-associated gene-1 (USAG1) encodes a secreted protein and was initially found as a gene of unknown function whose expression was upregulated in sensitized endometrium of the rat uterus (18) . Recently, AvsianKretchmer et al. suggested USAG-1 as a candidate for a novel BMP antagonist using bioinformatic analysis (19) . Furthermore, Laurikkala et al. demonstrated USAG-1 to be a BMP antagonist expressed in teeth (20) .
We independently identified USAG-1 to be a novel BMP antagonist, abundantly expressed in the kidney (21) . The expression of USAG-1 is abundant in renal tubules and teeth in late embryogenesis and in adult tissues it is by far most abundant in the kidney, especially in the distal tubule with a pattern similar to that of BMP-7. From these findings, we hypothesized that USAG-1 might regulate the renoprotective action of BMP-7 in the adult kidney.
To evaluate this hypothesis, we generated USAG1-knockout (USAG1 -/-) mice and induced acute and chronic renal disease models in which renal tubules, but not glomeruli, were mainly damaged.
Results

Generation and analysis of USAG1 -/-mice. USAG1 -/-
mice were generated by deleting the first exon including the transcription initiation codon, the signal peptide, and the following 46 amino acids ( Figure 1 ). USAG1 -/-mice were born at the ratio expected according to Mendel's law of heredity and were viable, fertile, and appeared healthy except that they exhibited supernumerary teeth, both in the incisors and molars, and fused teeth in the molar region (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI25445DS1). Although there was variation in the sites of extra teeth and fused teeth, this tooth phenotype was fully penetrant. Food consumption was not disturbed by this tooth phenotype in USAG1 -/-mice (data not shown).
Attenuated acute tubular injury in USAG1 -/-mice. To induce acute tubular injury, we utilized a cisplatin nephrotoxicity model (22) (23) (24) . Administration of a nephrotoxic agent, cisplatin, to wild-type littermates caused acute tubular injury that resulted in severe renal failure. Within the first 3 days, 54% of wild-type mice died, while 92% of USAG1 -/-mice survived the period (Figure 2A ). The renal function of USAG1 -/-mice on day 3 was significantly preserved compared with that in wild-type littermates ( Figure 2B ). Histological examination of the kidneys of wild-type mice on day 3 showed severe proximal tubular damage, while this change was markedly reduced in USAG1 -/-mice ( Figure 2 , C and D). Expression of E-cadherin, a marker for tubular epithelial integrity (25) , was markedly reduced in the kidneys of wild-type mice, while its expression was preserved in USAG1 -/-mice ( Figure 2E ). Tubular apoptosis, a characteristic feature of tubular injury in cisplatin nephrotoxicity (23) , was also significantly reduced in USAG1 -/-mice ( Figure 2F ). As reported previously (24) , cisplatin administration resulted in upregulation of TNF-α, IL-1β, monocyte chemotactic protein-1 (MCP-1), TGF-β1, and type IV collagen expression in the kidney of wild-type mice. However, the induction of these genes was completely abolished in USAG1 -/-mice ( Figure 2G ). Infiltration of macrophages and monocytes in the kidney was also significantly reduced in USAG1 -/-mice ( Figure 2H ), in accordance with the reduction of MCP-1 expression ( Figure 2G ). Expression of BMP-7 was comparable between wild-type mice and USAG1 -/-mice before and after injection of cisplatin ( Figure 2G ).
Renal fibrosis is reduced in USAG1 -/-mice. As a model of chronic renal injury, we performed unilateral ureteral obstruction (UUO) (26, 27) in both USAG1 -/-mice and wild-type mice, and the kidneys were harvested 14 days after the operation. In wild-type mice, the obstructed kidney showed dilatation/degeneration of renal tubules and interstitial fibrosis, whereas the normal architecture was preserved in USAG1 -/-mice, except for mild dilatation of tubules ( Figure 3, A and B) . Expression of E-cadherin was markedly reduced in the kidneys of wild-type mice, while its expression was preserved in USAG1 -/-mice ( Figure 3C ). Furthermore, expression of α-SMA, a marker of tubulointerstitial myofibroblasts (28) , was upregulated in the interstitium of the obstructed kidney of wild-type mice, while high expression of α-SMA was restricted to vascular smooth muscle cells in USAG1 -/-mice ( Figure 3D ). Since expansion and fibrosis of the renal interstitium is another characteristic feature of UUO (6), we examined the deposition of type IV collagen, which is a normal component of the tubular basement membrane. The basement membranes of neighboring tubules are adjacent to each other in the normal kidney. In the obstructed kidney of wild-type mice, expansion of the interstitial component increased the distance between adjacent basement membranes, and type IV collagen produced by interstitial myofibroblasts was aberrantly expressed in the interstitium. However, in the obstructed kidney of USAG1 -/-mice, the distance between the basement membranes was significantly smaller than that in wild-type mice ( Figure 3E ). Expression of TNF-α, IL-1β, MCP-1, TGF-β1, and type IV collagen was markedly upregulated on day 14 in the obstructed kidney of wild-type mice. In contrast, the induction of these genes was significantly attenuated, by 33%, 46%, 37%, 75%, and 23%, respectively, in USAG1 -/-mice ( Figure 3F ). Expression of BMP-7 in the obstructed kidney was comparable in wild-type mice and USAG1 -/-mice.
BMP signaling is enhanced in USAG1 -/-mice. To evaluate whether the reduction in renal injury in USAG1 -/-mice is attributable to enhanced BMP signaling, phosphorylation of Smad1/5/8 in the kidney was examined in both models (Figure 4 ). After the induction of kidney disease models, phosphorylation of Smad1/5/8 was hardly detected in wild-type mice, while in USAG1 -/-mice, the phosphorylation was preserved in the nuclei of tubular epithelial cells ( Figure 4A ). To examine the specificity of the antibody against phospho-Smad1/5/8, we performed double immunostaining using anti-phospho-Smad1/5/8 antibody and anti-phospho-Smad2/3, and found that most of the nuclei positive for phospho-Smad1/5/8 were negative for phospho-Smad2/3 ( Figure 4B ), indicating the Blocking BMP-7 activity abolishes renoprotection in USAG1 -/-mice. To analyze the mechanism of renoprotection in USAG1 -/-mice, we administered a neutralizing antibody against BMP-7 to USAG1 -/-mice in both kidney disease models. First we evaluated the specificity of the neutralizing activity of the antibody using an assay measuring alkaline phosphatase activity and phosphorylation of Smad1/5/8 in C2C12 cells induced by BMPs. Addition of the antibody inhibited the alkaline phosphatase activity and phosphorylation of Smad1/5/8 induced by BMP-7, but not by BMP-4 ( Figure  5A ) or BMP-2 (data not shown), indicating the specificity of the antibody. As a negative control, we used isotype-matched IgG2B. Next we administered a neutralizing antibody against BMP-7 to USAG1 -/-mice with cisplatin nephrotoxicity. Of 7 mice treated with neutralizing antibody, 2 mice died on day 2 and 1 mouse died on day 3, while none of the mice treated with isotype-matched IgG2B In each experiment, the expression levels were normalized to the expression of GAPDH and expressed relative to expression in mice on day 0. n = 4-6 for each experiment. # P < 0.01; † P < 0.005; *P < 0.001; **P < 0.0001. Sham ope, mice 14 days after sham operation; day 14, mice 14 days after UUO.
died within the first 3 days. Administration of neutralizing antibody also resulted in a deterioration of renal function measured by elevation of serum creatinine to a level similar to that in WT mice, while administration of IgG2B did not ( Figure 5B ). Furthermore, histological examination of the kidneys of USAG1 -/-mice treated with neutralizing antibody demonstrated severely damaged proximal tubular epithelial cells, while these changes were absent in mice treated with IgG2B ( Figure 5B ). We also administered the neutralizing antibody to USAG1 -/-mice with UUO and found that type IV collagen expression in the obstructed kidney was increased in USAG1 -/-mice treated with neutralizing antibody, but not in those administered IgG2B ( Figure 5C ). Histological examination of the obstructed kidneys of USAG1 -/-mice treated with neutralizing antibody demonstrated severe interstitial fibrosis, while this change was almost absent in mice treated with IgG2B ( Figure 5C ).
USAG1 is the most abundant BMP antagonist in adult kidney. Finally we analyzed the expression of USAG-1 and other BMP antagonists in adult kidneys using modified real-time PCR and in situ hybridization ( Figure 6 ). To compare the expression levels of different genes in real-time PCR, we set the standard curve with the plasmid encoding each BMP antagonist at various concentrations and analyzed the copy number of each gene contained in kidney cDNA. Among known BMP antagonists, USAG-1 was by far the most abundant in the kidneys, and twisted gastrulation was the second most abundant BMP antagonist. We also analyzed the localization of BMP antagonists in the kidneys using in situ hybridization and found that the expression of USAG-1 was confined to distal tubules, as previously described (21), with a pattern similar to that of BMP-7 (12) . Expression of twisted gastrulation was also detected in some distal tubules; however, the intensity of the signal was much lower than that of USAG-1, in accordance with the results of real-time PCR. Differential screening-selected gene aberrative in neuroblastoma (DAN) and protein related to DAN and Cerberus (PDRC) were faintly observed in the inner medulla, and other BMP antagonists were not detected with this method. 
Discussion
Epithelial-mesenchymal transition (EMT) is a necessary step for renal fibrosis, as well as in embryonic development and tumor progression (29) (30) (31) . TGF-β is known to stimulate EMT, while BMP-7 inhibits and reverses the transition (3). Zeisberg et al. recently reported that BMP-7 reverses TGF-β1-induced EMT and induces mesenchymal-epithelial transition in vitro (4, 32) . They further demonstrated that administration of a pharmacological dose of BMP-7 resulted in regression of established lesions in the kidney and improved renal function. In this report, we demonstrated that deficiency of USAG-1, a novel BMP antagonist in the kidney, results in marked preservation of renal function by reinforcement of BMP signaling.
Based on these findings, we set the working hypothesis: in many types of renal disease, proximal tubule epithelial cells (PTECs) are the main site of injury (33) and undergo EMT, which causes loss of structural integrity of epithelial cells characterized by a reduction of E-cadherin expression and the induction of α-SMA in interstitial myofibroblasts ( Figure 7A ). BMP-7 secreted from distal tubules (12) inhibits EMT of PTECs and induces redifferentiation of mesenchymal cells to epithelial cells. USAG-1 produced from distal tubules binds to BMP-7 and inhibits its renoprotective action by interfering with binding to its receptors.
In addition to the inhibition of EMT, many other pharmacological actions of BMP-7 have been reported. Administration of recombinant BMP-7 inhibits the induction of inflammatory cytokine expression in the kidney (12) , attenuates inflammatory cell infiltration (6), and reduces apoptosis of tubular epithelial cells in renal disease models (34) (Figure 7A ). These phenomena are also observed in USAG1 -/-mice, and the similarity between BMP-7-treated animals and USAG1 -/-mice strongly supports our working model that deficiency of USAG-1 reinforces the renoprotective activities of BMP.
In accordance with this hypothesis, the renoprotection in USAG1 -/-mice was abolished in both renal disease models when a neutralizing antibody against BMP-7 was administered ( Figure  5 ). These results strongly support the hypothesis, and BMP-7 is a potent candidate for the counterpart of USAG-1.
We also observed preserved phosphorylation of Smad1/5/8 in the kidneys of USAG1 -/-mice in both renal disease models, suggesting that BMP signaling was enhanced in USAG1 -/-mice, while no difference was observed between WT and KO mice in phosphorylation of Smad1/5/8 prior to disease induction (Figure 4, A and C) . We assume that BMP signaling prior to disease induction might be potent enough to cause full phosphorylation of Smad1/5/8 regardless of the presence or absence of USAG-1, while in the later stages of kidney diseases, BMP signaling is decreased and the presence of USAG-1 might cause a further reduction in BMP signaling.
Furthermore, we demonstrated that USAG-1 is by far the most abundant BMP antagonist in the kidney ( Figure 6A ). Because other BMP antagonists also antagonize BMP-7 activities (Supplemental Figure 2) , we conclude that USAG-1 plays an important role in the modulation of BMP activities in the kidney not because of its ligand specificity, but because of its high expression among other BMP antagonists. In addition, the tissue localization of USAG-1 ( Figure 6B ) is quite similar to that of BMP-7 (12), and USAG-1 can effectively access and inactivate BMP-7 at the site of production. Although we illustrated USAG-1/BMP-7 binding as occurring outside of PTECs in Figure 7A , it might be possible that the binding occurs intracellularly within the secretory pathway in PTECs and that USAG-1 and BMP-7 are secreted in complex form. Further investigations are necessary to clarify this point.
Interestingly, the expression of USAG-1 decreased during the course of disease models (Supplemental Figure 3 and unpublished observations). We assume that the reduction of USAG-1 in renal diseases is a self-defense mechanism to minimize its inhibitory effect on BMP signaling. Because the reduction in USAG-1 expression in WT mice is not enough to overcome the reduction in BMP-7 expression, further reduction or abolishment of the action of USAG-1 is desirable for the preservation of renal function, and the results of the present study justify therapy targeted toward USAG-1. For example, drugs or neutralizing antibodies that inhibit binding between USAG-1 and BMP or gene-silencing therapy for USAG1 would enhance the activity of endogenous BMP and might be a promising way to develop novel therapeutic methods for severe renal disease ( Figure 7B ). Because the expression of USAG-1 is confined to the kidney in adult mice and humans (21) , it would be a better target for kidney-specific therapeutic trials. On the other hand, administration of recombinant BMP-7, whose target cells are widely distributed throughout the body, might produce some additional extrarenal actions, including beneficial effects, such as actions on renal osteodystrophy (35) (36) (37) (38) (39) and vascular calcification (40, 41) .
Furthermore, these therapies targeted toward USAG-1 might protect the kidney during administration of nephrotoxic agents such as cisplatin. The pathological roles of USAG-1 in glomerular injury should be further elucidated before we undertake therapeutic trials against USAG-1.
Despite the essential role of BMP-7 in renal development, we did not observe any developmental abnormality in the kidney of USAG1 -/-mice with this genetic background. We assume that there are many reasons for the lack of developmental abnormality: First, USAG-1 expression in the developing kidney is not apparent on embryonic day 11.5 (21), whereas BMP-7 expression is intense in the metanephric mesenchyme (42) with a pattern similar to that of gremlin (43) . In the later stages, USAG-1 expression appears in the tubular epithelium in the medullary region (21), whereas BMP-7 expression is confined to the condensed mesenchyme and peripheral ureteric epithelium (42) . Therefore, the expression pattern of USAG-1 in the developing kidney is totally different from that of BMP-7. Second, the expression of USAG-1 is very low in early embryogenesis, increases toward the late stage of embryogenesis, and is much higher in the adult kidney (21) , while the expression of gremlin is high in early embryogenesis with a pattern similar to that of BMP-7, and becomes almost undetectable in the healthy adult kidney (Figure 6 ). Furthermore, gremlin-deficient mice show severe developmental abnormality in the kidney, which is quite similar to that of BMP-7-deficient mice. Therefore, we conclude that gremlin is a regulator of BMP-7 activity in the developing kidney, and lack of USAG-1 might be compensated by gremlin and does not cause any developmental abnormality in the kidney.
Recently another function of USAG-1 as a modulator of Wnt signaling has been reported in Xenopus embryogenesis (44) . Although the role of the Wnt pathway in the progression of renal diseases remains to be elucidated, there is a possibility that modulation of the Wnt pathway might also play some roles in the preservation of renal function in USAG1 -/-mice. Close relationships between the Wnt and BMP pathways have also been reported; for instance, dickkopf homolog 1 (DKK1), a Wnt antagonist, and noggin, a BMP antagonist, cooperate in head induction, while the expression of
Figure 6
Expression of BMP antagonists in kidney. (A) Kidney cDNA of wild-type mice with Svj background was subjected to realtime PCR with various primers for BMP antagonists, and the standard curve was set using the plasmid encoding each BMP antagonist from concentrations of 1 pg/µl to 1 fg/µl. The values of each BMP antagonist in the kidney cDNA were multiplied by the length of the vectors and normalized to the value of USAG-1 expression (n = 4-5). Expression of USAG-1 was by far the most abundant in the kidney among other BMP antagonists. Tsg, twisted gastrulation. (B) Kidney sections were subjected to in situ hybridization with probes for all BMP antagonists. Expression of USAG-1 was confined to the distal tubular epithelial cells. Twisted gastrulation was also sparsely expressed in some distal tubules. Differential screening-selected gene aberrative in neuroblastoma (DAN) and protein related to DAN and Cerberus (PDRC) were faintly detected in the inner medulla. Expression of other BMP antagonists was not detected by this method. Scale bars: 100 µm. IM, inner medulla; OM, outer medulla; C, cortex; DT, distal tubule; G, glomerulus.
DKK1 is regulated by BMP-4 in limb development. Furthermore, a BMP antagonist, cerberus, has binding sites for both Wnt and BMP and antagonizes the activities of both the Wnt and BMP signaling pathways. USAG-1 might also have dual activities and act as a molecular link between these 2 important signaling pathways.
In conclusion, this study showed that USAG-1 plays important roles in the progression of renal diseases and might be a potent negative regulator of the renoprotective action of endogenous BMP signaling. Recently, Lin et al. identified a positive regulator of BMP-7 named kielin/chordin-like protein (KCP) and demonstrated that KCP -/-mice are susceptible to tubular injury and interstitial fibrosis (45) . These data support the idea that BMP-7 protects the kidney from renal injury. Because these negative and positive modulators of BMP signaling regulate and edge the boundaries of BMP activity, further understanding of these modulators would give valuable information about their pathophysiological functions and provide a rationale for a therapeutic approach against these proteins.
Methods
Generation of USAG1 -/-mice. We isolated a genomic fragment containing the mouse USAG1 gene by screening a 129/SvJ genomic library (Stratagene). We inserted an nlacZ gene and a PGK-NeoR cassette in the opposite transcriptional orientation to the USAG1 gene. ES cells were transfected with the linearized targeting vector by electroporation and selected by G418-containing medium. Homologous recombinants were screened and identified by genomic Southern blot analysis with an HincII-EcoRI probe mapping outside the 5′ homology arm ( Figure 1A) . Homologous recombined ES cell clones were obtained, and correct recombination was confirmed by Southern blot ( Figure 1B ) as well as PCR analyses. ES cells carrying the USAG1-null allele were injected into C57BL/6 blastocysts to obtain chimeric mice, which were crossed with wild-type C57BL/6J mice. Following germline transmission, the mice were maintained in a mixed SvJ background. PCR genotyping was used for all subsequent studies to allow specific detection of both the wildtype and USAG1 -/-alleles ( Figure 1C Figure 3 were performed using C57BL/6 mice. All animal experiments were approved by the Animal Research Committee at the Graduate School of Medicine, Kyoto University, and the Animal Experiment and Use Committee at the University of Tsukuba and were in accordance with NIH guidelines. Cisplatin administration. Cisplatin (Sigma-Aldrich) was administered at 20 mg/kg to mice by a single intraperitoneal injection. Mice were sacrificed 72 hours after administration of cisplatin, and tissue and blood were collected for further analysis.
UUO. Complete UUO was performed as previously described (46) . Briefly, under sodium pentobarbital anesthesia, the middle portion of the left ureter was ligated and cut between 2 ligated points. At 14 days after surgery, the mice were sacrificed, and the obstructed kidneys were subjected to the studies described below.
Histological studies. The kidneys were fixed in Carnoy solution and embedded in paraffin. Sections (2 µm) were stained with PAS for routine histological examination, and the degree of morphological changes was determined using light microscopy. The following parameters were chosen as indicative of morphological damage to the kidney after cisplatin injection and UUO: brush border loss, tubule dilatation, tubule degeneration, and tubule necrosis. These parameters were evaluated on a scale of 0 to 4, and classed as: 0, not present; 1, mild; 2, moderate; 3, severe; and 4, very severe. The remaining kidney was used for immunohistochemical study, RNA isolation, and protein extraction.
Immunostaining. Frozen sections of kidneys were subjected to immunostaining with polyclonal antibodies against type IV collagen (ICN Pharmaceuticals), phosphorylated Smad1/5/8 (Cell Signaling Technology), and phosphorylated Smad2/3 (Santa Cruz Biotechnology Inc.) and monoclonal antibodies against α-SMA (Sigma-Aldrich) and Mac-1 (BD Biosciences -Pharmingen) as previously described (47, 48) .
Immunoblotting. Whole kidney protein was homogenized in RIPA buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.25% SDS, 1 mM Na3VO4, 2 mM EDTA, 1 mM PMSF, and 10 µg/ml aprotinin) and subjected to immunoblotting as described previously (49) . Anti-E-cadherin antibody and anti-GAPDH antibody were from BD Biosciences -Transduction Laboratories and Research Diagnostic Inc., respectively.
Apoptosis detection and quantification. The TUNEL technique (In Situ Cell Death Detection Kit; Roche Diagnostics GmbH) was used to detect apoptotic cells in situ. All apoptotic nuclei within a transverse section at the renal pelvis were counted.
Quantification of mRNA by real-time RT-PCR. Real-time RT-PCR was performed with a 7700 Sequence Detection System (Applied Biosystems). Five micrograms of total RNA was reverse transcribed in a reaction volume of 20 µl using Superscript III reverse transcriptase and random primers (Invitrogen Corp.). The product was diluted to a volume of 400 µl, and 5-µl aliquots were used as templates for amplification using SYBR Green PCR amplification reagent (Applied Biosystems) and gene-specific primers. Specific primers for each gene transcript (listed in Table 1 ) were designed using Primer Express software version 2.0.0 (Applied Biosystems) and checked as to whether they showed a single peak in the dissociation curve. Serially diluted cDNA or plasmids encoding probes for in situ hybridization were used to generate the standard curve for each primer, and the PCR conditions were as follows: 50°C for 2 minutes, 95°C for 10 minutes, then 95°C for 15 seconds and 60°C for 1 minute for 40 cycles.
Administration of neutralizing antibody against BMP-7. In cisplatin nephrotoxicity, 1.5 mg/kg neutralizing anti-BMP-7 antibody (R&D Systems Inc.) was peritoneally injected into USAG1 -/-mice 24 hours after injection of cisplatin. In UUO, 0.5 mg/kg neutralizing anti-BMP-7 antibody was injected every 3 days from day 2 to day 11. As a negative control, isotype-matched IgG2B (BD Biosciences) was injected at the same time points. Neutralizing activity of the antibody was evaluated by an assay measuring the production of alkaline phosphatase activity by C2C12 cells, as previously described (21) .
In situ hybridization. The kidneys were excised from adult male mice and fixed in 4% paraformaldehyde in PBS. Frozen sections (5 µm thick) were treated with 1 µg/ml proteinase K in PBS at 37°C for 30 minutes and acetylated in 0.1 M triethanolamine-HCl, 0.25% acetic anhydride for 15 minutes. Hybridization was performed with probes at concentrations of about 1 µg/ml in a hybridization solution (50% formamide, ×5 SSC, 1% SDS, 50 µg/ml transfer RNA, and 50 µg/ml heparin) at 60°C for 16 hours. RNA probes were synthesized by in vitro transcription with a DIG RNA Labeling Mix (Roche Diagnostics Corp.). Each probe was designed to contain an open reading frame with the following length and G+C content: USAG-1, 1.0 kbp (G+C 52.6%); sclerostin, 1.5 kbp (61.7%); coco, 1.2 kbp (54.7%); DAN, 1.0 kbp (60.6%); twisted gastrulation, 0.7 kbp (55.1%); PRDC, 0.8 kbp (57.7%); chordin, 1.5 kbp (60.2%); gremlin, 0.9 kbp (50%); noggin, 0.7 kbp (64.7%); cerberus, 1.5 kbp (48.8%). Hybridization was detected using an anti-DIG AP conjugate (Roche Diagnostic Corp.) and NBT/BCIP solution (Roche Diagnostics Corp.).
Analysis of phenotype of adult teeth. Skeletal preparations of the maxillae and mandibles were made by soaking the mouse heads in 0.02% proteinase K in PBS at 37°C for 4 days after peeling off the skin, dissecting the maxillae and mandibles, and clearing them in 5% H2O2 at room temperature for 5 minutes. Finally they were rinsed in H2O and left to dry.
Statistics. All assays were performed in triplicate. Data are presented as mean ± SD. Statistical significance was assessed by ANOVA, followed by Fisher's protected least significant difference post-hoc test. Survival curves were derived using the Kaplan-Meier method and compared using log-rank test.
